EFFECTS OF
GROUND-WATER
PUMPING ON

STREAMFLOW:
LEGAL AND HYDROLOGIC ASPECTS

Herman Bouwer!
and
Thomas Maddock I

! Chief Engineer, U.S. Water Conservation Laboratory, USDA-ARS, 4331 E. Broadway, Phoenix, Arizona 84040
? Professor of Hydrology and Water Resources, Department of Hydrology and Water Resources and Co-Director, University of
Arizona Research Laboratory for Riparian Studies, University of Arizona, Tucson, Arizona 85721




Surface-water-ground-water relations and the effect of ground-water pumping on streamflow are
hydrologic issues that normatly are not properly understood by the non-technical sector (legal,
adjudication, regulatory, etc.). Where water rights distinguish between surface water that is
appropriable and ground water that is available for reasonable use by land owners on their iand,
conflicts arise where ground-water pumping reduces streamflow. For the latter, legal attempts’
havcbeenmademchssifygroundwmermtopemhﬁngwma,undcrgrmmdsumms,md
subﬂowwherepercolaﬁngwaterwasconsidcredasgmundwatcrandthcothcrmaswface
water for water rights purposes. These classifications, of course, have no basis in hydrologic fact.
Also, “Bright lines™ bavcbeenimroduwdtodistingmshbetweenzonmwhcmwellspuﬂalotof
water out of streams and legally pump surface water, and where they do not pull much water out
of streams and legally pump ground water. In Arizona, arbitrary percentages for surface and ’
ground water and periods of pumping were selected (50% - 90 day rule), and the locations of the
lines were based on analytical solutions with very limited applicability. Hydrologically, surface
and ground water form one continuum, withmrfacewatcrbdngabovegroundandgmmdwater
being in geologic formations of different hydraulic conductivity. There also can be underground
water in the vadose zone. Thcmainiswcinthis“oonﬂict”ishowgound—watupumpingaﬂ‘eas
streamflow. Ground-water flow models have shown, that, generally, a lowering of ground-water
levels will increase stream seepage losses and, hence, decrease streamflow, where ground-water -
levels are relatively high and ground-water flow is mostly lateral and gradient (slope of water
mble)mnmﬂeihnnMWhmgrmndwawrisahmdymhﬁwlydwpandsecpagcﬂowis
mainly downward and gravity controlled. For clean channels, maximum seepage is already
approached when ground-water levels have dropped to a depth below the stream that is equal to
about two times the width of the stream. thrcchannclpcrimctcrsamooveredwithalzyerof
sediment or other clogging material, the flow below the channel bottom becomes unsaturated if
the ground-water level drops to about 3 feet below the bottom. At this point, further lowering of
ground-water levels will not increase seepage flows. Ground-water depletion by pumping can
enhance “capture” of water by aquifers through increased seepage from streams, reduced secpage
into streams, and reduced evapotranspiration by phreatophytes and other vegetation. Analytical
solutions that have been developed in the past to calculate the effect of ground-water pumping on
stream flow were based on the assumption of horizontal flow in the aquifer and, therefore, fail
where ground-water levels and bedrock are relatively deep and vertical (gravity) flow components
dominate. Computer models like MODFLOW can closely simnlate regional or basin wide
systems of streams, aquifers, wells and other discharges, recharges, capture, and heterogeneities -
on a three-dimensional basis. Predictions from such models of how ground-water pumping
affects streamflows can then be used to develop integrated water management schemes and to
adjudicate remaining conflicts between surface and ground-water users and environmental
concerns. This will require close cooperation between the legal/regulatory and
hydrologic/engineering professions.




mcdiaincﬁonbﬂweenaufacewammdgrouMwawrseemveqﬁmple:aufacewamis
abovetheground,youmnseeitandyoumnﬂoatastickonit;groundwatcrisbelowthc
ground,youmnnotsecitandyoumnnotﬂoatastickonit However, surface water can become
ground water and vice versa, and this is where the problems begin because some people use
surfacewaterandothc:susegroundwaxcrandhaveawatenighttooneorthcotlwr,orboth.
Conﬂjctsaﬁscwbcntbcuscofoncaﬂ'ectstheavailabilityofthcothcr,andwhenthcsnmtotalof
water rights exceeds the renewable supply. The courts and legislators have always struggled with
water rights issues and still do. Some states have separate water-right structures for surface
waterandgroundwatcr,andhaved:velopedinuimteschcmmforclassifyingwatertowhae
some ground water legally becomes surface water! Other states consider surface water and
ground water one continuum and have a uniform code so that water right holders can get their
water from streams or wells or both.

The main issue is a technical one—howsummﬂowaﬁ‘ectsgmundwaterandhowgmmd-wata
pumping affects streamflow. Various approaches can be used to assess the latter, including an
analysisofhowdepthtogmundwatcraﬁ'ectssummseepagelossuand, bence, streamflow, and
how lowering of ground-water levels® by pumping or for other reasons increases stream seepage
losses and, hence, decreases streamflow. Different scenarios of hydrogeologic conditions* can be °
considered. Long-term effects of how ground-water pumping affects streamflow are more
difficult to predict. Such effects are best estimated with ground-water flow models’. The results
can then be used as the basis for better water resources management and adjudication of surface
and ground-water rights that are based on sound hydrologic principles.

There is no better illustration of the legal quagmire created by separate codes for surface-water
rights and ground-water rights than the state of Arizona. In Arizona, the prior appropriation
doctrine® governs the rights to the surface waters of rivers and streams. Prior appropriation has
three critical elements: 1) the principle that the first-in-time is the first-in-right, 2) a fixed
maximum quantity is allocated, and 3) the right may be lost through abandonment or forfeiture
through non-use. Ground-water pumping is governed by the “reasonable use” doctrine’. This -
doctrine allows land-owners to pump any “reasonable™ quantity of water for use on the overlying
parcel. The “reasonable use” right involves neither a fixed allocation nor a priority date. Water
cannot be exported for use outside the overlying land. To enable regulatory control of ground
water under the reasonable use doctrine, landowners legally are considered to only own the use of
the ground water but not the molecules! A typical reasonable use is agricultural irrigation.

3The ground-water level or water table, as it is some times known, is the upper boundary of a saturated ground-water flow

system or aquifer. Ground water is at above-atmospheric pressure. The water table is at atmospheric pressure.
“Hydrogeologic conditions principally focus on ground-water conditions such as water tables and aquifers characteristics.
SGround-water flow models are mathematical models solved on computers that simulate ground-water flow.
*For a general discussion of prior appropriation, see David H. Getches, Water Law in a Nutshell, 74-77 (2nd ed. 1990)
"Id. at supra note 5 at 253-54.




thncvermcmisawnﬂiaproduwdbythcmtmacﬁomofglmndandmrfaoewmthc

‘ AﬁzonaSupremeCounuunstothcbookshclfandpunsdownadusty,womcopyofa 1912

N treatise entitled The Law of Irrigation and Water Rights written by Clesson S. Kinney'. Kinney,

a Utah attorney and not a hydrologist, divided ground-water flow into courses of known and
unknown channels of water. Hcfurthersubdividedthcknownchannclwatcrsimoindependmt
and dependent, mm*u.cfcm".erbemgumnﬁueﬁcedbymmsammemmconmmg
“subflow” of streams. One form of independentwatexhemfenedtoas“u'ibmaxygxmndwatu.“
msmsgrmndwawrmmhad“mtydmchedmcchanndsofdwwmmwwhichthey
are tributary”. ThnsKimeyMedadicMmyofgmundwatmtba!imctactwithsurface
waters—“subflow” and “tributary ground water”—and set the stage for the chaos that followed.

In 1931, in an appeal decision by the Arizona Supreme Court entitled Maricopa County
Municipal Water Conservation District No. One v. Southwest Cotton® (called Southwest Cotton
for short), it was decided that Kinney’s “subflow” (although ground water) was appropriable like
surfaoewaterbmthatallothcrformsofKinney’sgroundwatetsmnoL To the Southwest
Cotton Court, “subflow” is “waters that slowly find their way through the sand and gravelgot]
the bed of the stream, or [through] lands under or immediately adjacent to the stream . "% .
hardly a precise definition upon which an engineer would hang his hat, let alone his professional
reputation!

Because a watershed may have literally thousands of users whose rights are contingent upon the

date of the original diversionanduponoonﬁnueduseofmewatcr, and because over the years the

datsandusshavebemmeobﬁmmmhavemmunedaﬁﬁgaﬁonpmdumwﬂedm

adjudication to restate the priority and scope of those rights. Far Arizona, the Gila River General

Adjudication began in 1974"". In 1988, Trial Judge Goodfarb'? ruled that certain wells were

within the scope of the Adjudication—that is, they were pumping appropriable (i.c., surface)
‘ water. He did not rely on Kinney or “subflow”. His criterion, which became known as the 50-90

’ rule, stated that ground water is appropriable if it is determined that

“As to wells located in or close to [the ] younger alluvium, the volume of stream depletion would
reach 50 percent or more of the total volume pumped during one growing season for agricultural
wells or during atypical cycle of pumpage for industrial, municipal, mining, or other uses,
assuming in all instances and for all types of use that the period of withdrawal is equivalent to
90 days of continuous pumping for purposes of technical calculation.'>”

Although Judge Goodfarb’s definition of appropriable ground water seems arbitrary (why not
40% or 60% in 80 days or a 100 days), at least it was quantifiable. Indeed, Judge Goodfarb
instructed the Arizona Department of Water Resources (ADWR) to produce a hydrographic
survey that delineated the 50-90 boundaries for a portion of the Gila River General Adjudication

*Citing 2 Clesson S. Kinney, The Law of Irrigation and Water Rights §1161. at 2106 (2nd ed. 1912)

’39 Ariz 65, 4 P.2d 369 (1931).

1°1d. at 96.

""The Arizona General Adjudication of Water Rights statues are set forth in ARIZ. REV.STAT. ANN. §§ 45-251 0 260 (4).

"In Re the General Adjudication of All Rights to the Water in the Gila River System and Source, Nos. W-1 through W-4,
15 Indian L. Rep. (Am. Indian law. Training Program) 5099, 5100 (Maricopa Super. Ct. October 1988). -

Pld. at 5102.



area', These boundaries were referred to as “bright-li " (see Figure 1). Any well within or on
the bright-line boundary is pumping appropriable ground water, any well outside it is not.

ADWR used an analysis developed by Jenkins'® to determine bright-lines for the San Pedro
River,am'bumyoftthilaRivcr,asamofthcnﬂe.Ignoringthearbiuarynamreofthcso-%
rule, there were still five other major problems with the rule: four technical and one legal. First,

sl A An _ ¢

the 50-90 rule compietely disregards the actual volume depleted — it uses the ratio of stream

Figure 1:How the brightlines would have worked.

“ADWR, Preliminary Hydrographic Survey Report for the San Pedro River Watershed, Vol. 1, (1990).
’Jmkinsusedamamdcpleﬁmeccmemdewmjnethedismnc?aﬁvmammahight-ﬁne. For a 50%
]

allowablesﬂumdeplcﬁon,thetypcarvcgivsthcvnlmlMl Thus3'?=3.043,andiftis90daysmdthch'msmissivityT
(see fn. 68) and storativity S(see&x69)mknownﬁnmﬁddsmdis,thediameambecalaﬂned@mthcmmpﬁms
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depletion volume to well pumpage volume. For example,one well may be pumping 51% from
stream depletion while pumping at the rate of 0.5 cubic feet per second (cfs). Another well may
be pumping only 49% from stream depletion while pumping at the rate of 10 cfs. The former
wouldbeincludedinthcadjudimtion,thelancrwmﬂdnot—yetthemisnoqustionthatthc10
cfs well would have a far greater impact on the river. Second, the Jenkins’ analysis treats each
well as a separate entity and ignores interactions between wells that exacerbate the impacts on
the river'. Third,tthcnkins’methodwhichtheADWRusedmmlanatethe“bﬁghtﬁms"
appli&sonlytosuwmsmatﬁﬂlypenetratcthcaquet(aﬂthcwaydownmbedrod(—evenifitis
atlOOOfeet)andtopm'clyhoﬁzomalﬂowintheaquifcr.Thismaybemsonableforsiunﬁonsof
shanowaquﬁmwimdccpmmsaboveshauowbedrock,bMMWhacmcglmnd-wm

Figure 2: Constant head and fully Penetrating assumption
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table is 300 feet deep and depth to bedrock is 1000 feet. In those cases, Jenkins' analysis greatly
wemﬁmammcamoumofmrfacewamrmmisdmwnmtoﬂwaquerbygmund-wmcr
pumping! Fourth, Jenkins’ analysis assumes complete recovery of ground-water levels between
irrigation seasons or other pumping episodes thereby ignoring the long term effects of regional °
overdrafts. Fifth, and finally, the 50-90 rule ignored “subflow”.

In 1993, the Arizona Supreme Court, reaching back to its volume of Kinney through the
application of Southwest Cotton, threw out the 50-90 rule'’. Among other things, the Court
argued that the 50-90 rule, based on a volume-time test, did not define “subflow” and remanded
Trial Judge Goodfarb to define it. In July of 1994, after nearly a year of evidentiary hearings,
Judge Goodfarb issued a definition of “subflow”. Judge Goodfarb had been hamstrung by the
Court’s overreaction to the time-volume issue. The Court ruled out the use of volume ratios and

"thnawellisptmped,aoonicaldedincinthegmmd-wawlevelsfmmmdthcmu. This conical decline is called
the cone of depression. Ifthacmauumberofwcllsincloscpmximitytooncanother.thcircowofdcpmsimintaactto
greater impacts on ground-water levels and the river.
17175 Ariz 382, 857 P.2d 1236 (1993).




time in the “subflow” definition, arguing that the 1931 Southwest Cotton Court (i.e. Kinney)
didn’t use them, and that therefore Judge Goodfarb can’t use them. This, of course, prevented
the use of any modern hydrologic principles in defining “subflow”'® . Perhaps it is just as well
for subflow to be a legal concept and not a hydrologic one. Judge Goodfarb’s 1994 definition of
“subflow” was strictly geologic—ground waters within the saturated younger alluvium'®,
Ironically (or perhaps by iniention), when the boundaries of the saturated younger alluvium are
plotted with the old “bright lines™, they nearly overlap! The issue is not over—Judge Goodfarb’s
definition of “subflow” is in the appeal process again. As of the writing of this paper, a decision
by the Arizona SuprcmcCourtisstillpcnding,bmoouldbeywrsaway.

The Courts dependence on Southwest Cotton has an interesting irony. On appeal, Southwest
Cotton had argued that they were pumping “subflow”, forcing the Southwest Cotton Court to
define it™ and to provide a test—does drawing off the subsurface water tend to diminish
appreciably and directly the flow of the surface stream? — if it does, that subsurface water is
subject to appropriation rules.™ The Southwest Cotton Court concluded that there was no
evidence that Southwest Cotton’s pumping directly or appreciably diminish the flow in the
river.2 Application of modern hydrologic principles and techniques would have shown that
ground-water pumping near the banks of the Agua Fria river would have indeed directly and
applmiablyaﬁ'eaedmcmmandmanhkdibmmeappwlwomdhavebecnuphcld
Arizona mightnothavebeensaddledwithabiﬁmxedgroundandsnfaccwatcrhw,and
subflow might have been relegated to a pseudo-geologic legal definition of little or no
consequence.

The Arizona Supreme Court thought its role in the 1993 decision was to interpret Southwest
Cotton, and not to correct or improve it. However, one of Courts interpretations contained a seed
of hydrologic sanity... [If] a well’s cone of depression has expanded to the point that it intersects
a stream bed, it must certainly be pumping subflow... 2 “. Judge Goodfarb expanded on the
Court’s interpretation and concluded that a well outside the “subflow” area will be subject to the
adjudication (i.e. it will be pumping appropriable water) if the “cone of depression™ caused by its
pumping has now extended to a point where it reaches and adjacent subflow zone, and by
continual pumping will cause a loss of such subflow as to affect the quantity of the stream*.
Furthermore, the Court traditionally had held that there could never be “subflow” beneath
ephemeral streams® , but Judge Goodfarb ruled that if the ephemeralization was due to wells

"*See ADWR, Tech. Assessment of the Ariz. Sup. CL Interlocutory Appeal Issue No. 2 Opinion, Dec. 15, 1993.

¥Goodfarb uses a definition for the younger alluvium as ...unconsolidated sand and gravel deposited within the [stream]
channel course of perennial or intermittent streams by the stream itself... See In re the General Adjudication of All Rights to
Use Water in the Gila River System and Sources, Maricopa County Superior Court, July 5, Pg. 24, 1994.

39 Ariz. at 96-97, 4 P.2d 369 (1931).

2 1d. at 380-381.

21d. at 99, 106.

B175 Ariz. at 391, 857 P.2d at 1245.

USee In re the General Adjudication of All Rights to Use Water in the Gila River System and Sources, Maricopa County
Superior Court, July 5, at 66, 1994

BAriz. Rev. Code § 3280 (1928).




pumping, those wells were pumping “subflow™?. It may not matter how “subflow” is defined if
the Court upholds Judge Goodfarb’s findings dealing with the cone of depression.

HavingthcCounsspcndaninordinateamountofﬁmeuyingmdeﬁnctcmsmhas“mbﬂow”
or “tributary ground water” will only perpetuate the bifurcated ground and surface water systems,
What must be avoided is a further bifurcation that would lead the Courts to believe that if 3 well
pumpswaterdirecﬂyfmmthcsummitispumping“mbﬂow”andisthcreforembjecttothc
appropriation doctrine. On the other hand, if a well intercepts water that would arrive at the
mum,itispumping“mbutarygmundwatcr"andismbjwttothe“msonablemc”doctrine. In
both of the cases, the cone off depression has intersected the stream. To the riparian tree, the
aquatic critter, or the downstream user, both wells produce the same effect on the river—
diminished flow!

TheCourt’sadhcmnoetothcoonccptof“mbﬂow“hascrwtedandcxaccrbatedtmsionsbctween
the State and the federal government. Tbefedcralrmvedrightsdoctﬁnc“wiﬂimpoua
complezt‘;:ly different set of legal rules concerning the relation between ground and surface
water™”',

To the hydrologist or engineer, the Arizona distinction of “subflow” as a special part of ground
water is mind boggling to say the least. Ground water occurs as one continuum in strata of
different hydraulic comiuctivit’y28 and underlain by bedrock or other “impermeable” formation.
Also,gmundwawrmaybewmemrfacewatcrmsomemchesofamm,whﬂemrfamwam
may become ground water in other reaches. In the desert regions of the Southwest, natural
recharge of ground water from the land itself above it is very small; i.e., about 1% of
precipitation or on the order of 1 mm/yr”, and ground-water levels tend to be at considerable
distance below streambeds. The main source of ground water and ground-water recharge then is
seepage from losing streams™® (cphcmcral”, intermittent’? or perennialas) in valleys and on
alluvial fans®* or other upper elevations. The latter are called mountain-front recharge and
oonsistspﬁmaﬁlyofsecpageﬁomsﬂmmscomingmnofthemountainsandﬁ'omﬁvuletsand
other surface runoff on the fans themselves. Under these conditions, essentially all ground water
at onetimewassummﬂowthatsecpedimothcgmund,thenbemmc“mbﬂow"asitjoinedthc.

%See In re the General Adjudicau'onofAllRightswUscWalaintthihRivaSystanandSom,MaﬁeopaComty
Superior Court, July 5, at 36, 1994.

#'Glennon and Maddock, In Search of Subflow: Arizona's Futile Effort to Separate Ground from Surface Water, Ariz Law
Rev., 36 (3) at 610, 1994,

*Hydraulic conductivity or permeability express an aquifer’s ability to transmit water through its pores.

BSee Bouwer, H., Estimating and Enhancing Groundwater Recharge, In: Groundwater Recharge, M.L. Sharma, ed. A A.
Balkema, Rotterdam, The Netherlands, p. 1-9, 1989.

”Inalosingsn'eam,wuterinﬁlmﬁ'omthesuuminmtheaqlﬂa. The net effect over a reach of the river is a loss in
stream flow.

3An ephemeral stream flows only after a storm event.

nAnintcrminmtstremnhasﬂowsinoaminreacbabutnotinmhasandmayﬂowonlyseasomlly.

3"’Apcxennialstreamﬂowsnllyearkm.g.

*An alluvial fan is a sand and gravel deposit at the mouth of Imountain canyons or streams.




aquammcupperauuﬁumofmemmbedorﬂoodphimandﬁmﬂybcmmc“mfm
mrasitmoveddeepcrandawayﬁomthemmmmmponscmmnnalg!mnd-mr
movement and ground-water withdrawals such as pumping, evaporation, and uptake by
phrmtoplxyum35 or riparian vegetation. So this raises the question: where does “subflow” end
and “true” ground water begin? Is the transition sharp or gradual? Must “subflow” be legally
divided into recent and old “subflow”, or into upper, middle, and lower “subflow™? And what
abomgmund-wamrmbuﬁedvaUcysoranmalmmbeds,ismmdeep“mbﬂow”? Where
ground-water levels are higher than water levels in streams, ground water will move into the
stmlmstopl'ovidctln:hascflovur36 for perennial and “gaining” summs”,asfor example, for
portions of the Gila and San Pedro rivers. Should this base-flow portion of the surface water then
beuwedasegmmmrandmmcrmanbemgappmpﬁahleﬁkcsnﬁcewam,besmjeam
themsonablcuscdoctrincasapplyingtothegmundwateritwasbefomseepinginmthcsnmm?
To conserve legal symmetry, let the Court call this base-flow portion “superflow”!

In the past, other states have developed similar legal artifacts such as “percolating water and
“underground streams”. Legal terms such as “subflow”, “percolating ground water”, and
“underground streams™ defy precise scientific definition. This prompted Coogan® to write:

“The law - a formal set of rules by which society is ordered - seems to the physical scientist a
strangely confusing and confused tool with which to define, even in a social context, the
Pparameters and limits of a physical continuum. For example, on the basis of attorneys’ briefs
bolstered even by expert testimony, judges have legally defined “subterranean streams” and
erected criteria for recognizing such streams that sound more like the rhetoric of Humpty
Dumpty than a description of a body of water one could scoop up in a bucket, or upon which one
could float a rubber raft.”

Regardless of what the legal profession makes of it, relations between surface water and ground
watcrandhowwithdmwalofoneaﬂ‘easﬂ:eothcrarehydmlogicissxmthatmnon]ybcsolved

by hydrologic analyses and hydrologic specialists. As Coad”® wrote:

“Engineers must take a leadership role. We shouldn't look to legislators, litigators, and
economists to tell us what to do. They'll give us nontechnical solutions to technical problems.
This will lead to chaos.”

C. V. Theis* introduced the following fundamental ground-water principle:

A phreatophyte is a plant whose roots extract ground water.
flow is the retum flow to a stream from the ground water.

“'In a gaining stream, water infiltrates from the aquifer into the stream. The net effect over a reach of the river is an
increase in streamflow.

*Coogan, HA. 1975. Problems of groundwater rights in Ohio. Akron Law Rev. %(1): 34-115.

®Coad, W. 1994. Ground Water Market Trends, Newsletter of the Association of Ground Water Scientists and Engineers.
5(11),p. 9.

“Charles V. Theis, The Source of Water Derived from Wells, Civ Engineering, May 1940, at 277.




“Under natural conditions ... previous to the development of wells, aquifers are in a state of
approximate dynamic equilibrium. Discharge from wells is thus a new discharge superimposed
upon a previous stable system, and must be balanced by an increase in the recharge of the
aquifer, or by a decrease in the old natural discharge, or by loss of storage in the aquifer, or by
a combination of these. ” :

Thuspriortothcdcvclopmcntofwdls,aregionalgrmmd-wamsystcme:dstsinastateof
approximate dynamic equihbﬁum,andthisequih"brimnismaimainedbyalong-tmbalance
betweennaﬂxralmchargcanddischargeproc&s“. Over the millennia, wet years when
mmemaxmemwwdqmm&xmmme.sm
mchmgcwanddischmgc&ommesyslcmmmbahnee,maeismchangemgrmnd-watet
storage. IfR isthcavexagemchargcandDistheavmgcdischargc,theequih'briumcondiﬁonis
written:

R=D )

A schematic of predevelopment conditions for a ground-water basin in the dry Southwest is
presented in Figure 3. Recharge to the basin primarily occurs from underflow in from other
watcrsheds,lom‘ngstrmms,andmmnnain-ﬁ'omxecharge. Discharge out of the basin occurs from
underflow out to other watersheds, gainingsumms,andcvapouanspixaﬁon‘z.Dimme&om
weHgQ,isamwprmsimposedonapuﬁmmlybahncedgrmnd-wamrsystem,andis
balanced by a decrease in storage, 4S5, and/or some combination of an increase in recharge,
R+4R, and a decrease in natural discharge, D-4D . Theis’ principle requires a new equilibrium
condition:

(R+4R) - (D - 4D) + Q=4S 03]

Since R - D =0, Equation (2) can be expressed as:
4R+4D - Q = 4S8 3

The term (4R+ AD) is called capture and isthesumofpumping-indwedincrmsedwchargeplus
pumping-induced decreased discharge‘3 - Equation (3) states that the storage loss in a system
equalsthedcﬂcitbctweenthcdischargcﬁumwellsandthcwpnnc. Capture comes from 1)
increased infiltration from losing streams, 2) intemeptjonofwa:ertogainingst:mms,andﬂ
reduction of evapotranspiration.
Equation (3) provides two important pieces of information:

1. If there are no sources of captire, i.e. AR+AD=0,thcnalthcwatcrthatthewellspumpcom
from storage loss, i.e. Q = 4S

“ emmwhmmfmemdwbsw&uwmﬂowmmmeaqwe,mdmymmwhm
"Evapounnspmoniswataloatothcaunosphacbyevnpaaﬁonfmmthcsoilsmdu'mspimionfmmplams.

“See Bredehoeft, John D., Stephen S. Papadopulos, and H. H. Cooper, Jr., Groundwater- The Water Budget Myth, in
Science Basis of Water-Resources Management, 51, 53, National Research Council.
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2. Ifasafe yield is defined as no increased storage loss, i.e. 45=0, then the wells must be restricted
to pump what they can capture, i.e. O=A4R+4D.

Figure 3: Recharge and discharge processes in a southwestern basin, (Anderson, Freethey and Tucci
1990)

During the initial stages of pumping, most water is withdrawn from storage because the lateral
expanseofmeconeofdcpmssionisimwlysmauandsourcsofmpmamumkelymbe
disturbed. However, as pumping continues and the cone of depression expands, the growing
zone of influence is more likely to intercept other sources of water.

Ifthesourccofmpnneisasummfombasicsinmﬁonsmbcdisﬁnguished“

L Thcstrmmispcmnmalandthcchanndandthcmmbedm“clm”(mdcpodtsofﬁm
or organic material on the wetted perimeter). The ground-water table is above the water
anfaocofmcmwmmgroundwmermmmwthcsuamandmcstxmmism
(Figure 4). The (upper) aquifer is relatively uniform, unconfined*, and underlain at some

“See Bouwer, H., Theory of Seepage from Open Channels, In: Advances in Hydroscience, Vol. 5, V.T. Chow (ed),
Academic Press, New York, 121-172 (1969), and Bouwer, H., Groundwater Hydrology, McGraw-Hill, New York, N.Y., 480
pp. (1978).

"’Inanlmoonﬁnedaquifcr,mewmamblcisutheuppabomdmyofmemtedmmj-wmﬂowsysmnthatisn
atmospheric pressure. An aquifer with a water table is also called a water-table aquifer.

11




7diamcebymimpcrmmblcboundaryﬁkechyormdgorwqpamblcboundaryﬁke

. gravel®.

Figure 4: Case I: Shallow aquifer with a gaining stream

shown: a shallow water table with predominantly horizontal flow in the aquifer, and a deep
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I AsCascH,hnmemmwcncdpeﬁmazriswvcredwithablankctofﬁncsand,sﬂt,or
clay, and possibly organic deposits (biofilm, benthic layer) called a clogging layer that
rsuiaandconuolthcsecpagcmmandmuscunderlymgmﬁalmbeumnmwd

“Asoddasitmaysecm,mcimpcnmbkbmmdmy_mdtbeMgthpamblebomdnymmemehy&ologiceﬁea
— horizontal flow.
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Seepage water then percolates down as unsaturated flow until it hits the capillary fringe*’

(Figure 6).

Figure 6: Case IlI: Unsaturated flow beneath a prennial stream with a clogging layer

CAPILLARY FRINGE

Iv. AsCaseHorm,btnthcstrumisintexminzntorephmral(Figureh. The water table

may be some distance below the wetting zone.

Figure 7: Case IV: Unsaturated infiltration flow beneath an ephemeral stream

For Case I, seepage into the stream can be calculated on the basis of one-dimensional flow*’ if
the lower boundary is impermeable and at, or not far below, the bottom of the channel so that the

“The capillary fringe is a small layer above the water table where the

"Ihewctﬁngzoucisasamtcdanmmwdmbmeathtbcm
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whole system is shallow and the ground-water flow predominantly horizontal™®. If the
impermeable boundary is deeper or the lower boundary is very permeable, vertical flow
components become significant and the seepage flow system must be analyzed for
two-dimensional flow’". For Case I there is a direct hydraulic connection between the ground
water and the stream’”, ground water is tributary to the stream, and the rate of flow of ground
water into the stream is directly proportionai to the siope of the water table; i.c., the height Dy of
thegmundwatcrtableabovethewaterlevelinthestrmmatsomcdistanccﬁomthcstream. If
Dy is reduced by pumping ground water, the rate of seepage flow into the stream will decrease
linearly with Dy. Sincethegroundwaterisuibutarytothcsumm, there will then be “one cup of
water less in the stream for each cup of water taken out of the aquifer.” Thus, all ground-water
cxnacﬁonsﬁommamﬁfermatistﬂbumrymastrcammpmmwmmmmwmﬂdhawemcmd
the stream. Accumulated streamflow then is reduced by the total amount of water withdrawn
from the tributary aquifer. This capture is a reduction in discharge from the aquifer.

If the water table in Figure 4 away from the strmmissuﬁcicnﬂyhjghtobewithinmchofplant
roots (for example of deep rooted trees like salt cedar, mesquite, willow, cottonwood, or other
“phreatophytes™), considerable amounts of water (often 1.5 feet to 7.5 feet per year) are lost from
the ground water due to uptake by tree roots and subsequent transpiration from the leaves. When
ground-water levels are lowered, this consumptive use or water “loss™ decreases and may stop
altogether when the water table drops below the root System and the trees begin to die®,
Reduction in evapotranspiration is another form of capture and is a reduction in discharge.

If the duration and quantity of the ground-water withdrawals are large enough, water levels in
the tributary aquifer will drop until eventually the water table will be at the same elevation of the
watcrmrfacemﬂxmmmandmeﬂowofgroundwatcrmthcm&mhasstopped At this
point, the stream’s base flow has become zero and the stream’s flow is sustained only by surface
runoff and possibly base flow from further upstream. When ground-water pumping is continued,
ground-water tables drop below the water surface in the stream, water seeps from the stream into
the aquifer, andthestrmmbwomaalosings&mmwithdiminishingsummﬂows(CascH,
Figure 5). Ground-water pumping then draws water directly out of the stream, in contrast to
ground-water pumping in gaining stream situations (Case I) where the pumping takes water out
of the aquifer before it goes into the stream. For Case II, capture is in the form cof increased
recharge to the aquifer from the river.

Ifthcwatertableinthelosingﬁ:mmsimationisstillmlaﬁvelyhighandD.isrelaﬁvelysmall )
(Figure 5, top), the seepage losses from the stream will increase linearly with increasing Dy as
caused by declining ground-water levels. However, as the water table continues to drop and Dy
continues to increase, the seepage flow below the stream becomes increasingly downward and

“One dimensional flow is in the horizontal direction, vertical flow. This type of flow in this type of ground-water system is
sometimes call Dupuit-Forchheimer flow, See Bouwer, H., Groundwater Hydrology, McGraw-Hill, New York, N.Y., 480 PP
(1978).

*Id.

*'Flow in both horizontal and vertical direction. See /d. and Bouwer, H., Theory of Seepage from Open Channels, In:
Advances in Hydroscience, Vol. 5, V.T. Chow (ed), Academic Press, New York, 121-172 (1969).

nDiret:thydrzmljc:t:t'.\nncx:tionrequims!h.tnthcwmermbleorsatx.‘rutcn:lzxmcintmscc:tsahovethebo&wmot'tht: stream bed.

Res., 11(1), pp. 96-101 (1975).
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wil]bemoreandmoreconu'olledbygmvityandnotbytheslopeofthcwatertable(l-'igms,
bottom). Thus,ifseepagelomﬁnmﬂwsuumisplonedagainstDv.theanve(FigureS)wm
behnm:mthcbeginning(mﬂDy),huthcnmomcauviﬁnmandasymptoﬁcaﬂy roach
thema:dmumsecpagcvalucob!aincdwhenmcgroundwawismﬁmwlydeep(Dr=4) .

The turn-over from linear-like behavior to strictly non-linear hehavior occurs when D... is about

twice the width of the stream’>, The imaximum seepage rate from a stream occurs with vertical
flow. IfthcvalmofD'isgrmterthantwiccthestrmmwidth,thcseepagebeginstorapidly
approach the maximum seepage for an inﬁnitclydecpwatertable“. Thus, if the water table is-

Figure 8: Schematic of relation between seepage and depth to ground water
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!
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ratherhighandatsoundislanccawayﬁomthemmlmthantwommwidthsbelowthe
water surface of the stream, lowering the water table by ground-water pumping will “pull” more
water from the stream. Howcver,thcwatertableatsomcdislanccisalmdymorethantwo
stxmmwidthsbelowthcwatcrlcvelinthesumm,fnnhcrlowcﬁngofmcgmund-wawrtablewﬂl
not significantly increase the seepage, even when the ground-water table becomes “infinitely”
deep!

“I‘hchydmulicconnectionbawemthcsu'emnandthewatzrmbleisneverbmkm-WhmDy=av,theﬂowbctwemthe
stream and the aquifer is strictly vertical, but always saturated or near saturated.

% The quantitative aspects of the relations showninFigmeSwaedevelopedsolvingﬂxegmmd—wuuﬂowequaﬁonsby
numerical techniques — See Bouwer, H., Theory of Secpageﬁ'cmOmehnnnels,In;AdvancainHydmscicnce, Vol. 5, V.T.
Chow (ed), Academic Press, New York, 121-172 (1969).

Sec Bouwer, H., Surface Water-Groundwater Relations for Open Channels, Proc. Irrig. and Drain., Spcialty Conf., ASCE,
Lincoln, Nebraska, pp. 149-156 (1988).
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Cases I and IT apply to clean streams (no clogging deposits of fine and/or organic materials with
low hydraulic conductivity). These streams occur where flow velocities are rather high and
sediment and organic growths cannot accumulate on the bottom®”. Also, erosion and

underlying material thcndﬁ&sloawatcrcontemwhcmbythcconupondingredxmdhydraulic
condut:tivitym is numerically equal to the seepage rate”®. This seepage rate can be calculated by
applying Darq"s60 equation to the flow through the saturated clogging layer, knowing the
thickness and hydraulic conductivity of this layer®’. Some clogging layers are too thin (clay
films or biofilms) to measure their thickness Z and hydraulic conductivity X individually. In
moscmss,mcmﬁoofmicknssmhydmnicmmwvnyorhydmuhcimpedamc(L/K)is

TbedownwardﬂowinLbcunsatumedzonebetweenﬂwstrmmandthcwatcrtableiscomplctely
oontrolledbygravity,andthcseepagemtcisthcsamcforagmund—watcrdepthoflOfeetbelow
the stream bottom with about lOfcctofunsanuaxedzoncasforaground-wamdepthOfIOOfeet
below the stream with about 100 feet of unsaturated zone, or, for that matter, for an infinitely
deep water table with an infinitely thick unsaturated zone! Ground-water depletion by pumping
willthcnnotsigniﬁmntjyinamsethcwepageratefromthesumm To obtain unsaturated flow
belowthestrmm,thcwpofthemp' fringe above the water table must be below the stream
bottom. Thethicknssofthempillmyﬁingcmayvaryﬁ'omo.Sfeetorlssforcoaxscsandyand
gravelly materials to about 1 foot for medium sands, 1.5 feet for silty or loamy sands, and 3 feet
or more for loams and clays. Sincemostsﬂmmchannclsmninmlaﬂvelycoarsealluvium,itmn
be concluded that, for Case II1, ground-water depletion by pumping of wells generally will not
“pull”morewateroutofstrwmsifthegmund-watzrlevclisalrmdydeepcrthanabom3fect
below the stream bottom.

”lneﬁluentdominatedstreams,ﬂxbiological clogging laycrsdominaxcthcmepagemandmayocanevminhigh
velocity streams.

®Hydraulic conductivity is a function of moisture content. The wetter the soil, the higher the hydraulic conductivity, and the
drier the soil, the lower the hydraulic conductivity.

PIf quif the seepage rate, 4 is the total head, ¥ is the pressure head and z is the elevation head with 4 = ¥ + z then for
unsaturated vertical flow, Darcy's law can be written, ¢, = -K(y) W/ =- K(y) @y/&+1). For strictly gravity flow, Jy/&
= 0, giving g, = K(y) as stated.

or saturated flow, the hydraulic conductivity is no longer a function of pressure head, ¥, and Darcy law for vertical flow
is written g, = -K d/&.

%!See Bouwer, H., Theory of Seepage from Open Channels, In: Advances in Hydroscience, Vol. 5, V.T. Chow (ed),
Academic Press, New York, 121-172 (1969Y, and Bouwer, H., Design Considerations for Earth Linings for Seepage Control,
Gmstzmd Water, 20:531-537 (1982).

Id.

©Sophocleous, M., A. Koussis, J.L. Martin, and S.P. Perkins, Evaluation of Simplified Stream-Aquifer Depletion Models

for Water Right Administration. Ground Water 33:579-588 (1995).
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For higher ground-water levels, Case I will become like Case I (Figure 4) if the ground-water
level is above the water level in the stream. The clogging layer can then restrict the rate of
ground-water flow into the stream. When the ground-water level drops, the rate of ground-water
flow into the stream decreases linearly with Dy, until it becomes zero when Dy =0. Further
water level declines will then cause seepage from the stream to the aquifer and the stream will
become “losing.” Initially, this seepage will increase linearly with ground-water level drop until
the top of the capillary fringe hasdmppedbelowthcstmmbouomandanunsamratedzoneis
created between the stream bottom and the capillary fringe. At this point, which is reached when
the ground-water level has dropped to about 3 feet below the stream, seepage losses have reached
maximum value and further lowering of ground-water levels will not increase seepage flows,

Manydwen“washa”onlyﬂowwbcnitminsandsmﬁcemnoﬁ'ispmdlmdthatcmetsrivulets
and larger channels. Gmund-waterlevelsmllyarcwdlbelowsuchsﬂmmchannelsand
seepageﬁ*omthcstrmmhasimﬂyisapmwssofinﬁlu'aﬁonintodrysoilmatcn'al“. This
infiltration causes a wetted zone below the channel with a downward moving wetting front that
oouldmchgmundwaterifthcﬂowinthcmmpersistslongenough When it reaches the
groundwater,ﬁnsccpageﬂowsystemco\ﬂdbwomcoftthascthpeandnepagemscmﬂd :
be reduced if ground-water levels are relatively high (D, relatively small). If the ground water is
toodeepforCaseHsystemstodcvelop,seepageorinﬁlu'ationwﬂlnotbcaﬁ'ecwdbydcpthto,
ground water. thnsummﬂowc&ss,waterﬁ'omthcuppeﬂfeetorsoofwettedsoilmay
evaporate“. Deeper water will evaporate much lesandcvenmallymaymovetounderlying
ground water as unsaturated flow.

It is often desirable to predict how ground-water pumping diminishes stream flow over time,
startingwithCascl,orwithCassHormwithinitiallysmalldepthstogmundwater, so that
ground-water level declines initially will diminish stream flow until the depth to ground water
has become sufficiently large for stream seepage losses to essentially reach maximum values and
further lowering of ground water will not “pull” more water out of the stream. A mathematical
analysis of the transient situations for Case I was developed by Jenkim“, who used the
horizontal-flow assumption to predict the effect of continued pumping of one well on stream
flow. This horizontal flow assumption, however, is valid only for shallow systems (shallow
bedrock, thin aquifers, shallow ground water, and completely penetrating streams all the way
down to bedrock or other lower boundary of the aquifer). The solution fails and begins to
overestimate seepage where these conditions do not occur and vertical flow components in the
underground system become significant. Furthermore, Jenkins’ method is based on a single
well-by-well analysis. In reality, pumped wells interact and interfere with each other, affect the
regional properties as transmissivity and storativity, capture waters, and thus change the “bright

® See Bouwer, H., Groundwater Hydrology, McGraw-Hill, New York, N.Y., 480 pp- (1978).

“Id.

%See Jenkins, C.T., Techniques for Computing Rate and Volume of Stream Depletion by Wells, Ground Water, 6(2), Pp.37-
46, (1968).
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lines” with time. Modamgmmwimamgiomm-mnowmodd"wmmm
more reliable results. By considering basin wide stream-aquifer interaction, numerical models
are a valuable tool for addressing both legal and hydrologic questions. For example, when will a
well begin to deplete a certain amount of appropriable water? Or, how much water is being
pumped by a certain interest group for irrigation and how does this consumptive use affect other
water users?

Regional ground-water flow models can Closely emulate a real ground-water basin. With ample
data and accurate calibration, these modelsmnaccmxmformanyofthecomplmdﬁsthatm
neglected by the simpler analytic models.

In a regional ground-water flow system, the water table is not horizontal. In the southwest, for
example, gmundwaterisrechargedontheaﬂwialfansatthcbascofmoumainsandﬂows
underground toward streams Lhatmanderalongthevallcy floor. Such flow preciudes horizontal
water tables. Hydmnicparamete?‘varyspaﬁauythmughomthemgionalﬂowsysmm.

ﬂowsystemislikclytobecomposedofmultiplelaycrsofaquifcxsandnotjustasinglclayer.

function of the depth to the water table—the higher the water table, the higher tho
evapotranspiration.
There will be mu]ﬁplcweﬂsmamgionalground-watcrsystemandmmwcuswiﬂpenmwthc

flow system to different depths. Their pumping will produce additional vertical flow components
within the ground-water system.

If both a predevelopment steady-state model and a transient-state model are developed, capture
calculations can be performed by numerical models to determine the reduction of ground-water
discharge to gaining streams, thcincxmsedrecha:gcfmmloa‘ngmms, and the reduction of
discharge to evapotranspiration from vegetation due to falling water tables,

All these activities can be performed with a regional ground-water model.
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Confusion exists in legal, regulatory, and political circles as to how pumping of ground water and
declining ground-water-levels affect stream flow in a surface water-ground-water continuum.
Legal concepts such as “percolating water” and “underground streams”, “subflow”, and “bright
lines” that separate the zone where wells pull significant amounts of water cut of streams from
zones where they pump mostly ground water, have no basis in hydrologic fact and are, therefore,
impossible to administer. Hydrologically, stream-ground-water-well systems can be divided into
gaining streams with ground-water tables above stream water levels and tributary ground water
(Case I), losing perennial streams with ground-water tables below the water level in the stream
andnoclogginglayerinthestmam(CaselI), losing perennial streams as in Case II but with a
clogging layer on the stream wetted perimeter that controls stream seepage losses and causes
underlying material to be unsaturated (Case III), and intermittent or ephemeral streams (Case
IV). Lowering of ground-water levels due to pumping from wells or other causes will
increasingly reduce streamflow for Case I where tributary ground-water flow will decrease in
direct proportion to the decrease in slope of the ground-water table toward the stream. For Case
I, loweﬁnggroum-wmalwckwmmamsesummseepagclomwhcndcpmwmmdwam
is relatively small and flow in the aquiferismostlylatemlandoonnolledbytheslopeofﬂm
water table. As the ground-water level continues to drop, the seepage flow below the.channel
becomes more downward until eventually the seepage flow is gravity controlled and further
lowering of ground-water levels will not significantly increase seepage losses. For shallow
streams, this point is reached when the ground-water table at sufficient distance (ten stream
widths) from the stream hasdroppedtoadcpthbclowthcwaterlcvclinthesummthatiseqml
to about twice the width of the stream. ForCascIILma:dmum,seepageisalmdymchedwhcn
the top of the capillary fringe is below the channel bottom. Normally, this is already achieved if
the ground-water level is about 1.5 to 3 feet below the stream bottom. Further lowering of the
ground-water level then will not increase secpage. Seepage from ephemeral streams is by

levels are relatively high, but not when they are already low (more than two stream widths below
Clean streams and more than 1.5 to 3 feet below streams with a clogging layer on their
perimeter). Nontechnical persons often find this difficult to understand. Where long-term effects
of ground-water pumping must be quantified, the seepage flow systems must be analyzed as
transient systems, which is best done with regional ground-water models that can include vertical
flow components and can simulate the hydrologeologic setting of the situation in all its major
complexities, including effects of ground-water pumping on ground-water recharge and
discharge on a basin-wide scale, and on capture of water by aquifers.

Once the effects of ground-water pumping on streamflow have been quantified, the legal
profession, in close cooperation with hydrologists, can then decide how to best solve conflicting
water uses and the situation as a whole. If continued ground-water pumping continues to
decrease streamflow and jeopardizes holders of surface water (appropriable water) rights, who
should give? Should ground-water users reduce pumping their wells, should surface water users
reduce their diversions of stream water, or both, and by how much? What are the long-term
aspects (ground-water depletion cannot go on forever)? Should surface water users augment their
diversions with ground water? Should broader solutions be considered and implemented, such as
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water marketing, importing water, clondseeding.waterrmse,msuﬁce(dams)and
Wm(aﬁﬁdﬂmme)mmgeofm,mmhumdmmwd"m

Wa:ﬂraom-eeﬁmbicmsandmnﬁiasbdmsuﬁccmmmmswquhe
interdisciplinary action to obtain solutions. Legal maneuvering and creation of hydrologic
abandmsmnotthcanswer;thcysnmplymllnotholdwatcr Finally, litigation is slow and
expcnsiveand,unfommately,dosnotcxmmanymwmr. '




